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Abstract. Application of the two- wavelength X-ray reflectometry to exploration of Ge/Si(001) hereostructures 
with dense chains of stacked Ge quantum dots is presented. 
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^For the complete and reliable determination of quantum- 

^ dimensional heterostructure parameters it is necessary to 

^ ijse different methods of surface and nanostructure charac- 

^ t-erization. In this work we successfully used in situ STM, 

CO HRTEM and new method: two- wavelength X-ray reflectom- 

e trv [U [2]. This X-ray method comprises measurements 

• ^ of the scattering and reflectivity diagrams at several wave- 

ly^ lengths simultaneously for one scan and essentially increases 

' I accuracy of identifying parameters of investigated objects. 

jH l't allows to research multilayer structures with diffused in- 

Ch t'erfaces and permits quantitative analysis of X-Ray reflec- 

• tometry data down to zero grazing angle. 
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The studied samples were Ge/Si heterostructures with Ge 
quantum dots (QDs) grown by molecular beam epitaxy 
(MBE) in Riber EVA32 ultrahigh-vacuum (UHV) MBE 
jchamber at 360°C on Si(OOl) substrates [SI Hj. On first 
type of samples, a single layer of uncapped Ge QDs was 
grown (the Ge coverage /iQe = 10 A). The samples of the 
second type were Ge/Si heterostructures with five layers of 
Ge QDs separated by Si spacers with the thickness of 15 A; 
the cap thickness was 70 A. A study of the heterostructures 
by STM, carried out by the UHV instrument integrated with 
t;he UHV MBE vessel, and by HRTEM has shown the Ge 
QDs arrays to consist of hut clusters faceted by the {105} 
planes. Ge QDs are seen to occupy whole the sample sur- 
face, a free wetting layer surface is not observed (Fig. [1^). 
The QDs lateral density amount to ~ 5 x lO^^cm"^, typical 
heights of the hut clusters are 10 to 15 A; lenghts of their 
bases range from 10 to 15 nm; lengths of wedge-shaped huts 
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reach 30 nm. Fig. [TJd representing a HRTEM image of Ge 
QDs located between the Si layers illustrates the internal 
structure of the studied samples. 

X-ray optical measurements were carried out on two- 
wavelength arrangement "CompleXRay-C6" . The impor- 
tant advantage of the X-ray optical scheme of this device 
comparing with the standard setup is application of spe- 
cial elements for selection of spectral lines. This X-ray op- 
tical scheme is patented in the USA |1J. In the present 
work, the measurements were performed by means of char- 
acteristic lines of copper — CuKc^ (A = 0.154nm) and CuK/3 
(A = 0.139nm). 

2. Analysis of Ge/Si heterostructures 

The experimental data and the fitting results at two above 
mentioned wavelengths for the first type sample (Ge/Si het- 
erostructure with single QDs layer) are presented in Fig. [2] 
The results of mathematical simulation — the layer thick- 
nesses h and densities p — are presented in Table 1. 

Table 1. 



Layer ft,, nm 


p, g/cm^ 


GeO^ 0.9 


2.4 


Ge (QDs) 0.5 


2.5 


Ge (wetting layer) 0.4 


3.8 


Si (buffer) 


2.33 



100 



1E-4 



1E-6 




Fig. 



.. STM (a) and HRTEM (b) images of Ge/Si(001) QDs: 
10 A, Tgr = 360°C; in (b), '1' is Ge QDs overgrown by Si. 



Fig. 2. The X-ray reflectivities of the sample of the first type for 
(1) A = 0.154 nm and (2) 0.139 nm; the dots are the experimental 
data, the solid line is the mathematical simulation; the curve 2 
is multiplied by 100. 
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Fig. 3. Angular dependence of the reflectivity ratio R^/Rp for pjg^ ^ GISAXS diagram of the sample of the second type; the 
the samples of the second type. particle dimensions are 8.5 nm and 30 nm. 



The results reveal that surface of QDs of the first type 
sample was oxidized after the sample exposition on air. The 
general thickness of layer of oxidized Ge QDs is 1.4 nm. The 
average density of this layer is 2.4 to 2.5 g/cm^. The heights 
of QDs correlate with average value, obtained from STM. 
There is a good agreement of experimental and fitted curves 
both for CuKcK and for CuK^ wave lengths that indicates 
high accuracy of mathematical simulation of the structure. 

The reflectivity angular dependence of the 5-layer Ge/Si 
heterostructures with QDs (the samples of second type) in 
the relative mode (the reflection coefficients ratio Ra/R/s) 
is presented in Fig. [3l The mathematical simulation of the 
data of distribution of components through the depth per- 
mits to determine the sample structure, that is presented 
in Table 2. The obtained data coincide well with the STM 
results. 

Table 2. 



# Layer 


h, nm 


p, g/cm^ 


# Layer 


h, nm 


p, g/cm^ 


1 SiOa 


1.2 


1.5 


7 GeQDs 


1.44 


4.37 


2 Si (cap) 


8 


2.33 


8 Si 


1.84 


2.33 


3 Ge QDs 


1.27 


4.5 


9 GeQDs 


1.21 


4.13 


4 Si 


1.25 


2.33 


10 Si 


1.2 


2.33 


5 Ge QDs 


1.03 


4.11 


11 Ge QDs 


1.93 


4.28 


6 Si 


1.63 


2.33 


12 Si 




2.33 



For determination of quantum dot sizes the Grazing Inci- 
dence Small Angle X-ray Scattering (GISAXS) in the plane 
of incidence was measured. The primary beam was directed 
to the sample at grazing angle ^o = 0.236°, that is greater 
than the critical angle of total reflection for Si {Oc = 0.222° 
for CuKc, and Oc = 0.201° for CuK^). 

The scattering diagram (GISAXS) of the first type sam- 
ple is given in Fig. SI The sizes of scattering centers deter- 
mined by Guinier relation [5 equal 8.5 nm and 30 nm under 
the assumption of the sphericity of particles. These sizes 
correlate well with average lateral sizes of Ge quantum dots. 

GISAXS mode enables the determination of cross- 
correlation in adjacent QDs layers. It is especially important 
for determination of cross-correlation of QDs in multilayer 
heterostructures. This factor affects on the photosensitivity, 
photoluminescence, electrical conductivity, etc. 

The scattering diagram (GISAXS) of the second type 
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Fig. 5. GISAXS diagram of the samples of the second type for 
(1) A = 0.154 and (2) 0.139 nm; curve 1 is multiplied by 100. 

sample is presented in Fig. 5. Observed oscillations can be 
related to position correlation of QDs in structure layers. 

Conclusion 

The obtained results indicate that X-ray reflectometry 
method can be effectively used for nondestructive, highly in- 
formative researches of inhomogeneous nanostructures, par- 
ticularly multilayer heterostructures with QDs arrays. It is 
also important that X-ray optical methods allow one to ob- 
tain a complete information characterizing a whole object. 
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